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Atomic layer growth control of the infinite-layer compound, SrCu02, based artificial lattices is 
demonstrated on SrTiO, (100). YBvo different patterns have been observed by reflection high-energy 
electron diffraction during the alternating supply of strontium and copper metal under the flow of 
NOa. The intensity of the incommensurate streak increases with an increasing supply of Cu and 
decreases to zero with an increasing supply of Sr. Precise control of atomic layer growth is 
successfully carried out by in situ intensity monitoring of the incommensurate streak. 
Among peroveskite-type cuprate superconductors, the 
infinite-layer compound ACuOa (A=Ca,Sr,Ba), consists of 
CuOz- and AZ+ layers, is known as a parent structure. This 
system can be an electron carrierle3 superconductor or a hole 
carrieraT superconductor depending on the dopant. Although 
the electron carrier system is realized in an ideal infinite- 
layer structure,7 the hole carrier system, which is known to 
be a much higher temperature superconductor, is often ac- 
companied by some superstructures along its c axis. The ex- 
istence of Sr deficient layer in the superconductive infinite- 
layer compound was pointed out by Hiroi et ~1.~ although the 
quantitative relationship with the volume fraction of the su- 
perconductors was not so clear. 
Ada&i et aZ.s has reported structures of 1.36 and 1.03 
nm periods along the c axis in the superconductive phase, 
which is different from that of the infinite layer. Later, these 
periods were proved to be related to the existence of double 
alkaline earth layer in the infinite-layer structure.’ Recently, 
Hiroi et aLlo have reported a new family of cuprate super- 
conductors described as Srl+nC~n02n+l, having double 
SrO, layers along the c axis. There seem to be a general 
agreement that structural modification along c axis in the 
infinite-layer could be the cause of the superconductivity. 
The atomic layer growth method is one of the most 
promising ways to construct a modulated structure along the 
c axis of the cuprate,rr where a precise control of the layered 
growth is inevitable. This letter describes how an atomic 
layer controlled growth of intinite-layer structure is realized 
and demonstrates the introduction of double Sr layer into the 
infinite-layer structure. 
A molecular beam epitaxial. (MBE) growth was carried 
out in a chamber with base pressure of 1X1O-1o Torr. NO, 
(5X1O-“-1X1O-5 Torrj was used as an oxidant. Strontium 
and copper were supplied from Knudsen cells, where the 
typical cell temperatures were 980 “C for Cu, and 360 “C for 
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Sr, and the deposition was controlled by the shuttering. 
The surface of the substrate, SrTiO,(lOO) (Earth Jewelry 
Co., Ltd.) was cleaned by the Bi deposition/desorption 
method reported previously. l2 The surface structures of the 
substrate and the film were monitored in situ by reflection 
high-energy electron diffraction @HEED) at a beam energy 
of 15 keV. The diffraction patterns observed by RHEED 
were acquired by a CCD camera, directly transferred to the 
computer, and the intensities of the diffraction streaks were 
monitored in real time. The structure of film formed was 
examined by x-ray diffraction (XRD). 
The phase prepared by alternating supplies of Sr and Cu, 
under the atmosphere of NO, of 5 X lo-“- 1X lo-’ Torr, de- 
pends heavily on the substrate temperature and the composi- 
tion of Sr and Cu. When the temperature was higher than 
380 “C, an orthorhombic SrCuOz phase, which is more 
stable than the tetragonal SrCuOa phase (infinite-layer struc- 
ture), was obtained. When the temperature is lower than 
310 “C, an amorphous phase was obtained. Only in the tem- 
perature range of 310-380 “C the tetragonal SrCu02 phase 
(infinite layer) was formed. Under the optimum temperature 
conditions, if the Cu supply exceeded 20% of the optimum 
ratio, the formation of CuO was observed, if the supply of Sr 
exceeded that of Cu, a phase of Sr,CuO, mainly grew. The 
infinite-layer compound, tetragonal SrCu02, can be formed 
only in the temperature range of 310-380 “C and the SrlCu 
composition of 0.8-1.1. For the heterogeneous epitaxy, 
structure control of the interface is inevitable. In the case of 
the growth on SrTiO,(lOO), we have found13 that at least two 
layers of SrO, have to be deposited between the TiOa layer 
of the substrate and the CuO, layer of the film. 
During the growth of the tetragonal SrCuO,, two differ- 
ent RHEED patterns corresponding to the Sr-0 and the Cu-0 
surface were observed. The RHEED patterns observed from 
the [ 1101 direction of the SrTiO,(lOO) substrate are presented 
in Figs. l(a) and l(b). After the Sr supply (Sr-0 surface), the 
pattern gives a 1X1 structure [Fig. l(a)], while that after the 
Cu supply (Cu-0 surface) gives a clear feature of incommen- 
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FIG. 1. RHEED patterns observed during the formation of the tetragonal 
SrCuOz (infinite-layer structure). (a): The 1X1 pattern observed after the Sr 
supply @r-O surface), and (b) the incommensurate pattern observed after 
the Cu supply (Cu-0 stiacej. 
surate streaks (shown by an arrow in the figure) in addition 
to the integer streaks [Fig. l(b)]. The former streaks appear 
at the outside of every integer streaks with the distance from 
the integer streak being about ,/2-l times of that between 
neighboring integer. Every incommensurate streak appears to 
keep an identical distance from the integer streak. Similar 
incommensurate streaks with an identical feature were ob- 
served from the [loo] direction as well. When the substrate 
showing the incommensurate streaks was cooled down to 
room temperature under the flow of NO2 (5X 10m6--1X lo-” 
Tom), the pattern still remained, even increasing in intensity. 
This surface was examined by x-ray photoelectron spectros- 
copy (XI’S). The Cu2p spectrum showed a clear feature of 
satellite structure telling us that the Cu was in the divalent 
state. Although the detailed structural origin of the incom- 
mensurate streaks observed for the Cu-0 surface is not clear 
at the moment, the RHEED patterns for the 9-O and that for 
the Cu-0 surface clearly differs during the growth. 
Figure 2 shows the intensity variation of the 11 streak 
and the incommensurate streak during the sequential growth. 
The intensity of the 11 streak increases as the Sr supply 
increases and decreases as the Cu supply increases as shown 
in Fig. 2(a). On the contrary, the intensity of the incommen- 
surate streak decreases with the Sr supply and finally reaches 
to zero when the Sr layer is completed, then it increases to a 
certain degree with the Cu supply again [Fig. 2(b)]. Namely, 
the intensities of the 11 and the incommensurate streaks 
change in opposite manner. The intensity variation of the 11 
streak is understood to be ascribed to the difference of the 
scattering factors of Sr and Cu atoms. Because the escape 
probability of electron exponentially decreases with the 
depth from the surface, the first layer dominates the intensity 
feature of the RHEED pattern. According to the table of 
Doyle and Turner,14 the electron scattering factors for the 
S? ion is larger than the Cu*’ ion. With a large difference 
in the scattering factors, the intensity of the streaks reffects 
the dominant element on the surface. 
Since the incommensurate streak is attributed to the su- 
perstructure of the Cu-0 surface, the intensity depends 
mainly on the coverage of the Cu-0 layer. Under a certain 
pressure of NOz, the intensity of the incommensurate streaks 
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FIG. 2 The variation of the RHEED intensity with time during the forma- 
tion of the tetragonal SrCuOz. The intensity variation for (a) the 11 streak, 
and (b) the incommensurate streak. 
the surface. Therefore, precise control of the elemental com- 
position of Sr and Cu could be realized by monitoring the 
intensity of the incommensurate streaks. By supplying Sr 
until the intensity of the incommensurate streaks become 
zero, a precise deposition control of an atomic layer of Sr is 
realized. This is especially important when the deposition 
rate changes under the ambient NOa. The supply of Cu can 
be controlled either by the deposition time or by monitoring 
the intensity of the incommensurate streak. 
The XRD pattern of the SrCuO, film with the thickness 
of 70 unit cells formed by the in situ composition control is 
shown in Fig. 3. The XRD pattern shows that the film is a 
single phase of tetragonal SrCuO, with its c axis perpendicu- 
lar to the surface of the substrate, where the c axis length was 
calculated from the 002 peak position to be 0.346 mn. The 
calculated XRD pattern of SrCuO, film with the thickness of 
70 unit cells is also shown in the bottom of the figure. It is 
clear that the observed pattern is in good agreement with the 
calculated value in its peak position and in the peak intensity 
ratio, indicating that the SrCuO, fib-n with nearly an ideal 
structure is formed. 
Since the atomic layer growth of infinite-layer SrCuO, 
phase is realized, efforts to introduce a structural modulation 
along the c axis have been carried out. After 10 unit cells of 
the infinite-layer SrCuO, is formed, an extra Sr layer is in- 
troduced onto the Sr layer surface, and the sequence is re- 
peated for seven times. The planned structure should corre- 
spond to the introduction of a double Sr layer for every 10 
unit cells of SrCuOa, namely [(SrCuO~,$rO,],. The XRD 
pattern of [(SrCu02)1,,Sr0,]7 is shown in Fig. 4. Compared 
with the XRD pattern of the tetragonal SrCuO, (Fig. 3), the 
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FIG. 3. The XRD pattern of the tetragonal SrCuOs films with the thickness 
of 70 unit cells. Lower column is the calculated diffraction pattern with 
c=O.346 nm and 70 unit cells. 
pattern shown in Fig. 4 differs in the small angle region. 
Because the repetition of long unit cell [(SrCuOJ1,SrO,], is 
limited to seven times, a clear feature of the diffraction func- 
tion is observed. In addition, two small peaks are observed at 
28=24.73” and 28=26.69” which are indexed to 0010 and ~ 
00 11, respectively. The diffraction observed at 28=52.93”, 
themost intense peak, which was indexed to 002 in the te- 
tragonal SrCuOa, is indexed to 0021, From the peak posi- 
tion, the lattice constant for the c axis is calculated to be 3.63 
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FIG. 4. The XRD pattern of the [(SCuO&,SrG,] with seven units. Lower 
column is the calculated XRD pattern of [(SrCuO,),,$rO], with c=3.63 nm. 
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FIG. 5. The magnification of the small angle region of the ILRD pattern in 
Fig. 4. Four peaks due to the diffraction function were clearly observed. The 
calculated peaks in the same angle region are shown by bar lines. 
nm. The calculated XRD pattern of [SrCu02)10Sr0X], shown 
in the bottom of Fig. 4 is carried out using this value. 
The small angle region of Fig. 4 is magnified in Fig. 5. 
The separation between these peaks are function of the prod- 
uct between the c axis value and the number of repetition. If 
we take the c axis value of 3.63 nm, which is obtained from 
the 0021 peak position, then the number of repetition calcu- - 
lated from the peak separation gives 6.9. The number ob- 
tained agrees with the sequence of the film, which is 
[@Q%)~0S~W7. 
The transport properties of the films with the modulated 
structure have been published elsewhere.r5 The resistivity 
shows an anomaly at a temperature range of 100 and 80 K. 
In summary, atomic layer controlled epitaxial growth of 
infinite-layer compound SrCuO, is demonstrated. The 
SrCuO, films with and without the modulated structure are 
formed by a precise control of the element supply utilizing 
the different feature observed in the RHEED patterns for 
different surfaces of Sr-0 and Cu-0. The intensity monitor- 
ing of the incommensurate streaks observed for the Cu-0 
surface is shown to be a promising candidate for the atomic 
layer controlled growth of infinite-layer cuprates. 
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